Summary
assembled. Single-subunit atp deletion mutants are known to be arrested in assembly, thus b is dependent on the SecYEG translocon and the signal recognition particle pathway (Ffh), 58 whereas subunit a requires all three systems for membrane insertion (3-5). In addition, subunits b 59 and c are both essential for a stable incorporation of subunit a into the membrane in vivo (6, 7); 60 otherwise subunit a is rapidly degraded as a substrate of the membrane-integrated, ATP- 
78
The analysis of partially assembled subcomplexes is a prerequisite in defining the sequence 79 of events in the assembly process of the ATP synthase. In single-subunit knock-out or deletion 80 mutants, in which the synthesis of one of the subunits of the heteromultimeric complex is 81 prevented, an accumulation of partially assembled subcomplex(es) can be expected up to a status 82 at which the missing subunit has to be inserted into the preformed ensemble (6, 26, 27 
Materials and Methods

111
Mutagenesis. In most cases a two-step PCR method that utilizes two mutagenic primers (Table   112 S1 of the supplemental material) and two wild type primers with the corresponding restriction 113 sites was used to generate stop codons in atpB (aY11amber or aW231opal) or an atpB deletion, 114 which comprises the atpB coding region as well as the intergenic region between atpI and atpB 115 (Tables 1 and S2 ). In addition, a KpnI site was introduced 49 bp upstream of the stop codon of was cloned into plasmid pET-22b as described (Tables 1 and S2 shown); a discrepancy that has been previously discussed in detail (6).
211
In membrane vesicles of the atpB deletion mutant (DK8/pBAD.a3) ATPase activities 212 comparable to the corresponding wild type enzyme (DK8/pBAD33.atp) were observed (Fig. 1B) order to prevent the synthesis of subunit a under non-induced conditions (see below). Figure 2 shows the configuration of the test system and its different states during cell growth.
237
The atp deletion strain DK8 was transformed with three different plasmids bearing different pET22-atpB and pT7POL26 are also present, a signal comparable to WT was observed (Fig. 3A) 269 indicating that the lac-controlled promoters T7 and T5N25 were not completely repressed. To 270 gain complete repression, in a first step, the LB medium used for growth was preincubated with
271
-gal to remove residual lactose molecules (Fig. 3A) known to be present in varying amounts in well as the presence of subunits a and b increased up to values comparable to WT (Fig. S2 ).
289
The center piece of the in vivo assembly system is the time-delayed synthesis of subunit a to 
300
For a complete repression of the araBAD promoter, the addition of glucose as catabolite repressor
301
as well as of D-fucose as anti-inducer was essential (Fig. 4) . In the absence of arabinose, a respectively (Fig. 4A) . Nevertheless, under these conditions ATP-driven proton translocation 305 could not be observed (Fig. S2) promoter could only be obtained by simultaneous addition of glucose and D-fucose (Fig. 4) . (Fig. 6A ).
363
In samples containing glucose/fucose the atp mRNA has been completely degraded revealing that 364 a de novo synthesis of F O F 1 subunits is no longer possible (Fig. 6A) .
365
The immunoblot analysis showed a strong synthesis of subunit b under arabinose-induced 366 conditions (Fig. 6B ). 
397
In the next step, ATP-driven proton translocation was tested (Fig. 6D) . Proton translocation 
419
For the synthesis of ATP the proton motive force was generated by the respiratory chain 420 upon oxidation of NADH (Fig. 6E) . Under normal growth conditions, the ATP synthase is mainly Herkenhoff-Hesselmann, E. Becker, and G. Deckers-Hebestreit, submitted for publication). Deckers-Hebestreit, submitted for publication).
452
In vivo versus cell-free protein synthesis. A major advantage of an in vivo system is the 453 possibility to enable a sequential synthesis of proteins without any further manipulation.
454
Recently, approaches involving cell-free protein synthesis have emerged as a promising tool for order to obtain sequential protein synthesis, a purification step of the partially assembled protein 457 complex or at least of membrane vesicles has to be included, which is then followed by cell-free therefore, sensitive to DCCD inhibition. In the absence of subunit a, the two half channels 
